Poly-,8-hydroxybutyrate (PHB) is a uniquely procaryotic endogenous storage polymer whose metabolism has been shown to reflect environmental perturbations in laboratory monocultures. When hydrolyzed for 45 min in 5% sodium hypochlorite, PHB can be isolated from estuarine detrital microflora in high yield and purified free from non-PHB microbial components. Lyophilization of frozen estuarine samples shortens the exposure time to NaOCl necessary for maximal recovery. Lyophilized samples of hardwood leaves, Vallisneria, and the aerobic upper millimeter of estuarine muds yielded PHB. The efficiency of incorporation of sodium [1-'4C]acetate into PHB is very high and is stimulated by aeration. PHB was not recovered from the anaerobic portions of sediments unless they were aerated for a short time. Levels of PHB in the detrital microbial community do not correlate with the microbial biomass as measured by the extractible lipid phosphate, suggesting that PHB-like eucaryotic endogenous storage materials may more accurately reflect the metabolic status of the population than its biomass.
Poly-,8-hydroxybutyrate (PHB) is an endogenous reserve polymer found widely in both grampositive and gram-negative procaryotes (10, 11) . This polymer has been detected in numerous heterotrophic and autotrophic aerobic eubacteria, photosynthetic anaerobic bacteria (11) , gliding bacteria (28) , actinomycetes (9, 17) , and cyanobacteria (6) . Except for the E strain of Clostridium botulinum and Rhodospirillum rubrum grown heterotrophically in the dark, PHB has not been detected in obligate anaerobes (14, 39) . The presence of high levels of PHB in cells increases survival during nutrient limitation in Micrococcus halodenitrificans (33) , Hydrogenomonas (29) , Sphaerotilus discophorius (38) , Pseudomonas (47) , and Azotobacter (35) , where PHB is used both as a carbon and energy source. It serves as an endogenous energy source for Bacillus megaterium (11) and Pseudomonas saccharophilia (13) . In Rhodospirillum rubrum, PHB serves as a carbon source in the dark (36) and an energy source in the dark when activated with air (4) .
Floc formation byZoogloea (7, 8) and Pseudomonas (47) has been linked closely with PHB synthesis but has been shown to be an absolute requirement in Zoogloea (12) .
During the special conditions of nitrogen fixation by aerobic nitrogen fixers, synthesis of PHB serves as a terminal electron acceptor that is of great survival value. It promotes electron transport at the low oxygen tensions necessary to protect the nitrogen reductase system (16) .
One of the interesting functions of PHB is its relationship to the process of spore or cyst formation. It accumulates before sporulation in the bacilli (20, 34) and serves as an energy and carbon source for the terminal sporulation reaction (26) . Accumulation just before use in sporulation occurs in C. botulinum E (14) and in the formation of cysts by Azotobacter (37) . PHB accumulation precedes its utilization and antibiotic release in Streptomyces antibioticus (21) and Actinomycetes (17) .
In the precisely controlled environment of the chemostat, with an adequate energy source, limitation of oxygen or nitrogen in Hydrogenomonas (29, 30) , oxygen and nitrogen in Azotobacter beijerinckii (16, 31) , and nitrogen, sulfur, potassium, or carbon in B. megaterium (45) (19, 32, 41) .
Preparation of estuarine detritus. Oak leaves (Quercus virginiana), Vallisneria americana leaves, sweet gum leaves (Liquidamber styraciflua), pine needles (Pinus elliottii), polethylene sheets cut in the shape of oak leaves, and extruded polyvinyl chloride needles were incubated in baskets in Apalachicola Bay, Fla., in the summer and fall of 1977 (3, 25, 43) . Leaf samples were cut into disks 6.5 mm in diameter, and needles were cut into 1.5-cm lengths after return to the laboratory.
Preparation of '4C-labeled materials. Escherichia coli B was incubated in 250 (46) . Radioactivity was determined by scintillation spectrometry as described previously (18, 19, 25 3 ml of water was added, and the tube was mixed vigorously. Then 3 ml chloroform was added, and the mixture was shaken with a Vortex mixer and centrifuged. The upper water layer was removed. Any material at the interface was not removed. A 3-ml water wash was repeated and removed, and the chloroform was evaporated away. Two to 3 ml of 95% ethanol was added, mixed thoroughly, centrifuged, and removed; care was taken not to touch the sides or bottom of the tube with the pipette. The 95% ethanol wash was repeated, followed by two washes with diethyl ether. The purified polymer remaining in the tube was dissolved in warm chloroform for spectrophotometric assay as described by Law and Slepecky (22) . Portions of up to 0.1 ml were placed on paper disks (2 by 2 cm), and the 14C APPL. ENVIRON. MICROBIOL. was determined. If only radioactivity was to be determined, the original chloroform extract was added to filter paper disks (2 by 2 cm; Whatman 3MM) suspended on a pin board. The PHB was then bonded to the paper by pouring 0.1 ml of warm chloroform over the surface and heating for 5 to 10 min at 80°C (40). The paper disks were then washed with water, alcohol, and ether in petri dishes before the "C was determined.
RESULTS

Recovery of added [14C]PHB. Preliminary
determinations of recovery from the detrital microflora involved the addition of 10 tg of [14C]PHB (specific activity, 5,000 dpm/,ug) prepared from B. megaterium to oak leaf disks that had been incubated in Apalachicola Bay for 28 days. The extract was collected in chloroform and transferred to a centrifuge tube. After the chloroform was removed in a stream of nitrogen, the PHB was washed with diethyl ether, redissolved in chloroform, and added to a paper disk, and the radioactivity was determined. From these experiments, extraction with 5% NaOCl for 1 h at 37°C gave a recovery of 96%. Longer incubations with NaOCl at 37°C or 1, 2, or 6 N HCI at 100°C for 2 h yielded lower recoveries.
Effect of lyophilization on extraction efficiency. Samples of oak leaves were incubated in the estuary for 24 days and then held in the laboratory with vigorous aeration for 28 days. The aeration in the laboratory greatly increased the PHB levels. Five batches of 50 disks chosen randomly from a pool of 1,000 were frozen, lyophilized, and compared with five batches that were extracted wet. The absorbance at 235 nm for the lyophilized disks was 0.792 ± 0.103, compared with 0.802 ± 0.046 for the disks extracted wet. This gave values of 246.1 ,ug of PHB/g (dry weight) for lyophilized disks and 249.0 ,ug of PHB/g (dry weight) for the wet disks. The absorption spectrum at wavelengths shorter than 235 nm was much less with the lyophilized preparation, indicating a cleaner preparation from the lyophilized material. 6 .06,ug of PHB/ml equals an absorbance of 1.0.
Identification of PHB derived from detrital microflora. A sample of PHB purified from the oak leaf detritus had the solubility properties of the PHB isolated from B. megaterium (46) . It was soluble only in chloroform and essentially insoluble in diethyl ether or water (Table 1) , and formed the characteristic sticky white precipitate that was difficult to transfer quantitatively from glass containers. Putative microfloral PHB was dissolved in concentrated H2SO4 and heated at 1000C for 10 min. The resulting dehydrated sample was then split into two 2.5-ml portions. To one sample was added 2.5 ml of water; the other received 2.5 ml of H2SO2. The ultraviolet absorbance spectra (Fig. 2) indicate a hydrolysis and reversible dehydration identical with those of purified PHB.
Analysis of the dehydration-hydration difference spectra may be useful in samples difficult to purify from ultraviolet-absorbing contaminants. The change in absorbance at 235 nm between hydrolysis, dehydration, and rehydration is 0.702 times the absorbance with the standard procedure. The El% of the difference in Recovery of PHB from environmental samples. The applicability of this assay system to a number of components in the estuary was examined. Detrital hardwood leaf input enters this estuary with the river flow. In this study, lyophilized oak leaves isolated from the estuary in the summer yielded 15 to 30 ,ug of PHB/g (dry weight). When the leaves were returned to the laboratory and incubated with vigorous aeration for a few days, the PHB level increased 5-to 10-fold. Sweet gum leaves (L. styraciflua) also are a prominent detrital component and yielded to 50 to 70 ,ug of PHB/g (dry weight) from lyophilized samples. Benthic macrophytes, principally Vallisneria americana collected from the intertidal zone in August and lyophilized, yielded 140 ,ug of PHB/g (dry weight).
Mud samples were taken with a gravity corer at a depth of 1.5 m. The core plastic liners (6 cm in diameter) were removed and frozen. The frozen cores were then cut in 1-cm sections, with the surface section containing 1 to 2 mm of mud, and lyophilized. From the lyophilized sediments, 2-to 5-g samples of mud were treated with NaOCl and extracted with chloroform. The mixture was centrifuged and a sample was removed for purification. The uppermost millimeter of the surface yielded 0.14 ,ug of PHB/g (dry weight). When a surface mud sample was vigorously aerated for 2 days and the suspension was extracted, the mud microflora showed a 10-fold increase in PHB. No PHB (<0.001 ug/g [dry weight]) was detected in the anaerobic sections of the core.
Pine needles (Pinus elliottii), wet or lyophilized, yielded analytes not suitable for spectrophotometric assay, as an ultraviolet-absorbing pigment obscured the colorimetric assay for PHB despite many solvent washing combinations. The same was true for the detrital microflora of extruded polyvinyl chloride needles.
Synthesis of PHB by detrital microflora. The microflora of oak leaves formed after incubation in Apalachicola Bay for 7 weeks readily incorporated 14C from sodium [1-14C] acetate into PHB (Fig. 3) . By maintaining the 14C in filtered water within 10% of the initial activity with repeated additions of 14C radioactive precursor, an exponential rate of incorporation was maintained for 5 h. (41, 44) that also correlates well with extractible adenosine 5'-triphosphate, total respiratory capacity, and muramic acid in the detrital microflora (42) .
By using the extractible lipid phosphate from a series of estuarine detrital microbial samples to estimate the biomass, the relationship between microbial mass and PHB was determined. Previous work has shown that 2-week incubation of dried leaves in the estuary resuits in predominantly bacterial growth (25) (Fig. 1, Table 1 ), which gives the characteristic derivative on hydrolysis and dehydration ( Fig. 2) and into which sodium [1- 14C]acetate can efficiently be incorporated, can be quantitatively isolated from the detrital microflora and purified from the '4C-labeled components of a non-PHB-containing bacterium (Table 1) .
In monocultures of Azotobacter, lyophilization of the frozen sample results in the release of a longer polymer in a shorter period of time (27) . In the detrital microflora, lyophilization results in an equivalent yield of PHB, with shorter incubation time in NaOCl and a much purer product (as judged by the absorption spectrum in concentrated sulfuric acid) than does the extraction of fresh material. The increase in the efficiency of extraction apparently results from there being less time for breakdown into shorter polymers of PHB (1, 23 with aeration. The radioactivity offiltered bay water was maintained within 10% of the initial value by periodic additions of more "C. Samples were removed, the PHB was extracted and plated on filter paper disks that were washed with water, 95% ethanol, and diethyl ether, and the "C was determined in the scintillation spectrometer. Note the logarithmic scale on the abscissa. be frozen in the field makes analysis considerably more convenient and probably more characteristic of the actual state of the organism, because fewer alterations occur during the return from the field to the laboratory.
Acetate and short-chain fatty acids are selectively incorporated into PHB in Nocardia (9), Rhodospirillum rubrum (36), Chlorogloea fritschii (6), and Hydrogenomonas (15) . Up to 70% of added sodium [1-'4C] acetate is incorporated into PHB during its period of most rapid synthesis in B. cereus (26) . Thus it is no surprise that sodium [1-'4C] acetate is 10 times more efficiently incorporated by the detrital microflora into PHB than into the lipid fatty acids. The facile incorporation into PHB by the detrital microflora makes studies of PHB metabolism in the environment relatively easy.
PHB can be recovered from several important detrital inputs into this subtropical estuary (Apalachicola Bay). It is also found in the aerobic zone above the redox potential discontinuity in the sediments. It is not detected in the anaerobic zones of the sediments, although aeration of these sediments results in its formation.
The uneven distribution of PHB in the estuarine environment and the fact that the synthesis of PHB in bacterial monocultures can be greatly stimulated under various nongrowth conditions in some of the procaryotic protists (11, 45) suggest that PHB would not be a consistent measure of microbial biomass. Comparison of estuarine detrital samples showed no consistent relationship between phospholipid con-VOL. 35, 1978 256 HERRON, KING, AND WHITE tent and PHB in samples recovered from the environment. PHB, then, is not a useful measure of microbial biomass in the complex, uncontrolled conditions of field studies. However, the sensitivity of PHB metabolism to specific perturbations, such as aeration with adequate carbon sources in monocultures (16, 30, 33) , and the rapid increase in PHB levels detected with aeration in both detrital and sedimentary samples may prove PHB to be a sensitive measure of the physiological status of the community. Preliminary investigations suggest that perturbations in the environment (such as anoxia) that do not affect the microbial biomass in the short term markedly slow the metabolism of PHB. Further insights into the effects of various environmental perturbations on PHB metabolism may provide a probe of the physiological status of these complex microbial assemblies.
